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One-step hydroxylation of benzene to phenol.
II. Gas phase N,0O oxidation over Mo/Fe/borosilicate
molecular sieve

JinS.Yoo!, A.R. Sohail, S. Scott Grimmer and Chin Choi-Feng

Amoco Chemical Company, Amoco Research Center, PO Box 3011,
Naperville, IL60566, USA

Received 12 April 1994; accepted 10 August 1994

The Fe/Mo/partially deboronated borosilicate molecular sieve catalyst prepared by the
chemical vapor deposition (CVD) method was active for the selective formation of phenol by
gas-phase N>O oxidation of benzene. The impregnated counterpart exhibited lower activity
than the CVD catalyst. The borosilicate molecular sieve itself also was active. Two mechanistic
paths are postulated based on reactive oxygen species such as O~, which can be generated via
interaction of N,O with the iron sites in the CVD-borosilicate molecular sieve catalyst, or
OH, which can be generated by Brensted sites on the borosilicate molecular sieve itself.
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1.Introduction

Phenol has been synthesized by an oxidation of cumene through multistep proce-
dures [1], while direct hydroxylation of benzene has long been sought as a desirable
process. It has been demonstrated that phenol can readily be synthesized from ben-
zene with air in aqueous solutions containing Cu* ions with and without heteroge-
neous catalysts such as Pd/SiO, [2,3].

We found that the silica coformed Fe/Mo/SiO; catalyst was effective for direct
hydroxylation of benzene to phenol by the gas-phase nitric acid oxidation in a
previous study [4]. In an effort to circumvent drawbacks inherent in the gas-phase
nitric acid oxidation processes, nitrous oxide, N,O, was selected as an alternate
oxidant.

In recent years, nitrous oxide has attracted considerable attention as a unique
oxidant, especially in a search for ways to activate methane and other lower paraf-
fins over various catalysts including zeolite [S-9].
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Nitrous oxide can be an attractive active oxygen source for a variety of oxida-
tion reactions because it is thermodynamically unstable,

2N,0—2N; + O, AG = —25 kcal/mol,

and kinetically inert in the absence of an activating center. Since a significant
quantity of inexpensive N, O is readily available as a byproduct of adipic acid man-
ufacturing processes, applications utilizing N>O become commercially quite
attractive.

Recently, the direct hydroxylation of benzene to phenol using nitrous oxide as
an oxidant was studied over a range of zeolitic catalysts [10—12]. It has been found
that ZSM-5 is an excellent catalyst for the reaction, achieving up to 99% selectivity
at low conversions, and the phenol yields attained from these runs are in the range
of 15.44-27.2%. Zeolites having the EU-1 type structure showed low activities
and selectivities, while amorphous acidic silica—alumina catalysts were inactive.
The same reaction was also studied over H-ZSM-5 doped with iron [13-15]. The
activity of Fe on the zeolite was found to be higher by several orders of magnitude
than its activity on Fe,Os. A reactive surface oxygen species generated by N,O on
specific active sites consisting of Fe atoms has been postulated to be responsible for
the catalytic properties observed. In these reactions, nitrous oxide decomposition
is believed to be the rate-limiting step in the catalytic cycle [16,17].

The same hydroxylation of benzene was also studied by others. Iwamoto et al.
produced phenol with a selectivity (71%) by the reaction of benzene in N,O at 550—
600°C over supported oxides of V, Mo, or W [18-21]. The selective phenol syn-
thesis was further pursued by another group, and it was reported that benzene
could be oxidized over H-ZSM-5 molecular sieve using N,O at lower temperatures,
300-400°C, with a good efficiency [27-29]. These novel findings prompt us to
look into the N»O oxidation of benzene to phenol over CVD and impregnated Fe/
Mo/partially deboronated borosilicate molecular sieve HAMS-1B-3 (DBH) cata-
lyst, silica coformed Fe/Mo/Si0,, and borosilicate molecular sieve itself without
metal deposition.

2. Experimental
2.1. PREPARATION OF CATALYSTS

Catalyst A, CVD Fe/Mo/DBH, the CVD Fe/Mo/partially deboronated boro-
silicate molecular sieve (DBH) catalyst was prepared from FeCl; and MoO,Cl,
with the borosilicate molecular sieve (HAMS-1B-3) containing 1.21 wt% B,
440 ppm Al, 256 ppm Fe and 157 ppm Pb as impurities, and having a surface area
of 373 m?/g, in two steps by the chemical vapor deposition technique according to
the procedure described elsewhere [30]. The CVD Fe/DBH was prepared by depos-
iting FeCl; vapor on the borosilicate molecular sieve in the first step. The resulting
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Fe/DBH containing 41% Si, 0.15% B, and 2.2% Fe was subjected to the chemical
vapor deposition of MoO,Cl, in the subsequent step to prepare CVD Fe/Mo/
DBH. The calcined final CVD Fe/Mo/DBH catalyst contained 4.6% Mo, 1.41%
Fe, and an atomic ratio of Mo/Fe = 1.92, and its surface area was 288 m?/g.

Catalyst B, the impregnated Fe/Mo/DBH catalyst, was prepared from aque-
ous solutions of Fe(NO3),, ammonium paramolybdate and borosilicate molecular
sieve by the standard incipient wetness method.

Catalyst C, silica coformed Fe/Mo/SiO, catalyst, was prepared from Fe(NOj3),,
ammonium paramolybdate and Nalco silica gel 1034A according to the procedure
described elsewhere [4].

2.2. N,O OXIDATION OF BENZENE

The N,0 oxidation of benzene was studied over catalysts A and B in the gas
phase, and the results were compared with those obtained with catalysts C and D
under identical conditions. The 2040 mesh sizes of these calcined catalysts were
loaded in a quartz reactor (0.d. 1 inch), and the N,O oxidation of benzene was car-
ried out by feeding benzene and N, O separately into the catalyst bed under the fol-
lowing conditions:

catalystload: 16-18 ml (4.27-14.0 g)
LHSYV of benzene: 0.1/h

molar ratio of N,O : benzene: 6-9:1

temperatures: 230-425°C

carrier gas: none

The products were identified by GC/mass spectrometry, and quantitatively ana-
lyzed by the method described in a previous paper [4].

2.3. CHARACTERIZATION OF CATALYSTS

The surface properties of catalysts A, B, C, and D, borosilicate molecular sieve
itself (HAMS-1B-3) were determined, and the results are summarized in table 1.

Catalysts A and D were subjected to an ammonia temperature programmed de-
sorption (TPD) study together with CVD Fe/DBH intermediate material depos-
ited with the FeCl; vapor alone before the MoO,Cl, vapor was deposited in the
subsequent step to complete the preparation of catalyst A, CVD Fe/Mo/DBH.
The results are shown in table 2, and plotted in fig. 1. Catalyst D showed a weak
acid site at 172°C. An additional stronger acidic site appeared at 319°C and a weak
site at 178°C on CVD Fe/DBH. This stronger acid site disappeared to yield a rela-
tively weak acid site at 195°C when the MoO,Cl, vapor was deposited on CVD
Fe/DBH in the subsequent step.

Raman spectra of catalysts A and B are compared in fig. 2. The Raman spectra
of catalysts A and B were virtually identical except that an additional a-Fe,O;
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Table1
Physical properties of Mo/M/DBH
Catalyst Mo Fe Mo/Fe BETsurface  Micropore
(Wt%)  (wit%) area (m?/g)
vol. radius®
m’/g) ()
A, CVDFe/Mo/DBH 4.60 140 1.9 288 0.111
[spent] 4.15 143 1.6 296 0.088 25
B, Fe/Mo/DBH
(impregnated) 4.50 1.50 1.75 313 0.118
[spent] 315 0.102 19
C, Fe/Mo/SiO; (coformed) 2.58 093 1.61 110 0.252 31
[spent] 2.58 093 1.46 95 0.227 32
D, HAMS-1B-3? B: 1.36
Cl: 0.27 294 0.133 55
[spent] 301 0.130 52

# Measured by the adsorption method.
b Prepared in ethylenediamine, and HAMS-1B-1 was prepared in a caustic medium.

phase appeared in catalyst B besides the Fe;(M00Q4); and MoO; phases identified
incatalyst A.

The transmission electron micrographs (TEM) of catalysts A and B are shown
in fig. 3. The TEM revealed that in catalyst A, Fe and Mo are finely and uniformly
deposited into partially deboronated borosilicate (DBH) primarily along the
micropore channels. Thus cylindrical domains of Mo and Fe were observed in the
CVD material. After calcination, most of these cylindrical domains have changed
into nearly spherical domains via diffusion processes. However, nearly all Mo and
Fe still reside inside the DBH sieve, as shown in fig. 3a. The compositions of the
Mo/Fe rich phases were analyzed by energy dispersive X-ray spectrometry

Table2

Ammonia temperature programmed desorption (TPD)

Catalyst Pretreatment Peak %FeorB Surface

O area (m?/g)

°C) (mmH*/g) calc. ICP

D, HAM-1B-3 600 172 0.69 0.75(B) 1.06(B) 330-353

CVD Fe/DBH 550 178 0.79 4.4(Fe) 329

319 0.20 1.1(Fe)

55(Fe)  2.20(Fe)

A, CVDFe/Mo/DBH 550 195 0.40 2.46(Fe) 2.20(Fe) 288
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Fig. 1. Ammonia temperature programmed desorption (TPD).

(EDXS), which indicated that the Mo/Fe domains are predominantly ferric molyb-
date, Fe;(M0Oy);.

On the other hand, larger aggregated particles were seen on mainly the exterior
surface of the MFI structure in catalyst B, the impregnated counterpart. These
results from the characterization study clearly bring out a unique structure result-
ing from the chemical vapor deposition preparation.

3. Results and discussion

The gas-phase N,O oxidation of benzene was carried out over catalysts A, B
and Cin a quartzreactor by varying the temperatures. The representative results at
different temperatures are compared in table 3. Among these three catalysts, cata-
lyst A started to show the catalytic activity at 250°C. At 410°C, 17% of benzene
was converted to phenol with a 97% selectivity. Over catalyst B, the conversion of
benzene and the selectivity to phenol were 9% and almost 100% at 385-425°C,
respectively. A very limited activity was seen with catalyst C.

With catalysts A and B, the phenol yields were tracked as a function of hours
on stream by continually analyzing the samples collected in the designated time per-
iod at the designated temperatures, and plotted in fig. 4. With catalyst A, the reac-
tion temperature was raised from 230 to 410°C in a 15 h period, and the reaction
was continued at 410°C for another 15 h. With catalyst B, the initial reaction tem-
perature, 330°C, was raised to 435°C in a 26 h period, and the run was kept on
stream at 385-424°C for an additional 14 h. These results in fig. 4 also confirm an
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Fig. 2. Raman spectra of CVD and impregnated Fe/Mo/DBH.

earlier conclusion that catalyst A is more active than its impregnated counterpart,
catalyst B, under similar reaction conditions, and that the phenol yield remains
fairly constant at approximately 24 and 12% over catalyst A and B, respectively.
Catalyst C, the silica coformed counterpart, shows very limited activity under simi-
lar conditions. In other words, the catalytic activity for the N,O oxidation of
benzene is in the order of: CVD Fe/Mo/DBH >impregnated Fe/Mo/DBH >
coformed Fe/Mo/SiO,. It appears that the supporting matrix and the catalyst
preparation method play a key role for the gas-phase oxidation of benzene with
N>O, and that, as shown in the TEM in fig. 3, the uniformly dispersed fine ferric
molybdate particles deposited along the main channel of the MFI structure
are more effective than the large aggregated particles seen on the impregnated
counterpart.

Catalyst A resulting from the above run was further subjected to other gas-
phase oxidations with Oy, NO; and nitric acid intermittently over a prolonged per-
iod (approximately 150 h on stream), and the catalytic activity was maintained
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Fig. 3. TEM of catalysts A (CVD) and B (impregnated).

without showing any noticeable sign of deactivation. Metal levels found in the
spent catalyst resulting from these runs seem to approach the stoichiometric com-
position of ferric molybdate, Fe;(M00Qys);, as shown in table 1. The Raman spec-
trum of the spent catalyst indicates that MoOj is selectively sublimated off the
catalyst matrix, but ferric molybdate remains unchanged [30].

Catalysts A and B failed to show any catalytic activity for the hydroxylation of
benzene to phenol in runs with O, in place of N, O, but they were active for the for-
mation of phenol and nitrobenzene in NO, and nitric acid at 300°C. As stated ear-
lier, we have already reported a study on gas-phase nitric acid oxidation of
benzene to phenol [4].

Based on these results, one can conclude that the N,O molecule probably inter-
acts with iron sites in the ferric molybdate phase on the DBH matrix to generate a
reactive surface oxygen species that cannot be produced with diatomic oxygen, O,.
Recently, individual properties of oxygen species such as O~,05,0%,05 and
OH™ on metal oxide catalysts have attracted considerable attention in defining the
functions of these species for catalytic oxidation processes [18-26]. It has been con-
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Fig. 3. (Continued.)

firmed by ESR, XPS, and TPD etc. that O~ can be generated via decomposition
or charge transfer processes of O,, 0*~,OH™, and N,O [18]. It has also been sug-
gested that decomposition of N>O on metal oxides surfaces such as V,05/SiO,,
Mo03/Si0, and WO3/Si0,, leads to the formation of an anion of O~, which has
been claimed to be responsible for the formation of phenol, while O, generates 0%~
on the same metal oxides, and O%~ has been reported to cause the scission of car-
bon to carbon bonds of benzene to give maleic acid or maleic anhydride.

We believe that the N,O oxidation results with catalyst A and B may be best
rationalized by the following mechanistic path, that has been postulated by
Iwamotoetal. [18]:

N,O + e (fromcatalysty —> O~ + N2

+ OH —— @ + OH
) OH
+ OH — @ + ¢ (to catalyst)
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Table 3
Comparison of N,O oxidation of benzene over catalysts A, Band C
Support matrix HAMS-1B-3 Si0,
Catalyst A B C
Prep. method CvD impregnated coformed
Temp. (°C) 250-350 350 410 335 385  385-425 400 335 335-410
benzene conv. (%) 1 8 17 2 9 9 5 0.2 0.5
product selectivity (%)
phenol ~ 100 ~100 97 ~100 ~100 ~100 ~100 ~ 100 ~ 100
unidentified trace 3
recovery (%) 85 90 84 96 82 93 91 9 88

Catalyst D (borosilicate molecular sieve itself) containing 1.7 wt% B (HAMS-1B-
3 prepared in ethylenediamine) was calcined in air at 500°C for 5 h, and loaded into
a 1.7" bed in a quartz reactor. The N,O oxidation of benzene was carried out under
the standard running conditions to assess the effect of the molecular sieve itself.
The results are summarized along with those obtained in the runs with NO; in the
presence of steam in table 4.

The borosilicate itself without metal components shows a rather limited catalyt-
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Fig. 4. Synthesis of phenol from benzene by N,O oxidation. CVD Fe/Mo/DBH versus impregnated
Fe/Mo/DBH, LVHSV = 0.1/h, temp. = 230-410°C (CVD), 330—435°C (impregnated).
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Table 4
N,O oxidation of benzene with catalyst D (HAMS-2B-3), N,O/benzene = 4.4/1, LHSV = 0.1 /h
Temperature (°C)
250 300 _ 325
benzene conv. (Wi%) 0.5 1.4  (1.7)* 2.1
product selectivity (%)
phenol ~ 100 ~ 100 (79) ~ 100
nitrobenzene 21)
unidentified trace trace (tr) trace
phenol recovery (%) 85 93 Ch)) 87

# NO, with steam.

ic activity (less than 3%) for the N,O oxidation of benzene to phenol at 250—
325°C, while phenol is produced in low yield. In order to compare this result with
that of NO, oxidation, the catalyst resulting from the N,O oxidation was subjected
to the NO, oxidation in the presence of steam. Phenol was produced in 79% selec-
tivity along with nitrobenzene, a minor product, although the conversion of ben-
zene was limited to only 1.7%. Whereas, nitrobenzene was the only product when
benzene was oxidized with NO, in the vapor phase over supported benzenesulfonic
acid and substituted benzenesulfonic acids [28], HZSM-5 catalyzed the same N,O
oxidation reaction of benzene to phenol [28,29]. Considering the large difference in
the acid strength between HZSM-5 and borosilicate (HAMS-1B-3), it is surprising
to observe the formation of phenol by the N,O oxidation with the borosilicate,
HAMS-1B-3. Tarry material was formed on the bottom end of the reactor below
the heating zone over the HAMS-1B-3 matrix even at 350°C, while catalyst A did
not show the same phenomenon until the reaction temperature reached above
425°C. Another batch of borosilicate molecular sieve sample prepared in the
caustic medium, HAMS-1B-1, containing sodium, showed no activity for N,O
oxidation.

Judging from these facts, the Bronsted acid sites on borosilicate must be respon-
sible for the phenol formation. The hydroxydiazonium cation is suggested as a
plausible reaction intermediate for the hydroxylation of benzene to phenol by an
analogy with the mechanism proposed in previous work [29].

Since a strong acid site was seen on the CVD Fe/DBH as shown in fig. 1, it is
possible that CVD Fe/DBH may favor the formation of the hydroxydiazonium
cation intermediate via interaction of N,O with the strong acid site, and thus may
become a more active system than the borosilicate molecular sieve itself for the phe-
nol formation. The results observed with Fe/H-ZSM-5 [13-15] by Panov et al.
may be explained by the same mechanism based on the OH™ species derived from
the hydroxydiazonium cation since it is anticipated to generate stronger acid sites
by incorporating iron onto H-ZSM-5, as in the case of Fe/DBH:
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H

|
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HO—N=N'—> N, + OH"

OH
©+OH*—+@ + H

The CVD Fe/Mo/DBH catalyst exhibited better catalytic performance for the
N,O oxidation of benzene to phenol than the impregnated counterpart, while the
silica coformed catalyst, Fe/Mo/SiO,, was inactive. However, the borosilicate
molecular sieve matrix itself was active.

Two mechanistic paths are proposed based on reactive surface oxygen species
such as O~, which can be generated by interaction of N,O with iron sites in the
CVD borosilicate molecular sieve catalyst, or OH*, which can be generated by the
Bronsted acid sites on the molecular sieve itself.

The transmission electron micrographs (TEM) show that fine catalyst particles
are uniformly deposited along the main channel of the FMI structure on the CVD
catalyst, and that large aggregated particles are deposited in a non-uniform man-
ner mostly on the exterior surface for the impregnated counterpart. Differences in
catalytic activity observed between CVD and impregnated catalysts are reflected
on the unique structure tailored by the chemical vapor deposition technique.

—— HO—N=N"

N,O

4. Conclusions
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